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LIST OF SYMBOLS

acceleration

vector magnitude in i direction
A+ Y

vecto; magnitude in j direction
B corrected for gravity acceleration
vector magnitude in k direction
diameter

Froude number

qgravity

horizontal reference vector
unit vector

moment of inertia

unit vector

horizontal reference vector
unit vector

mass

time

reference vector

velocity

height of launcher
instantaneous height of torpedo abnve water

shipboard launcher depression angle
pitch angle .
Laboratory launcher depression angle
scale factor

Laboratory launcher roll angle
Laboratory model roll angle
shipboard launcher azimuth angle

Subscripts
model
prototype
ship
torpedo
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INTRODUCTION

With the development of hydrofoil and surface effects shivps,
the Navy now has available ships capable of operating at much
higher speeds than those in the past. The speed of these ships
makes them good ordnance launch platforms in tactical situations.
Anticipated weaponry includes torpedoes fired from deck-mounte?
launch tubes. This study was directed toward investigating possible
launch problems resulting mainly from the high cross velocity of
the torpedo at water entry when launched at off-beam azimuth angles.
The problems are those of (1) unacceptable trajectory perturbation,
(2) damage at water impact, and (3) broaching. Limited full-scale
tests with the Mk 46 tcrpedo, reference (l), indicated that such
launches could be made successfully, although the gyrcscopes
were noted to have deflected at water entry. The tests reported
here were designed to extend the ship velocity range and provide
actual impact acceleration values. ;

In this study, a 1/2.125 scale model of the Mk 46 torpedo
was launched into the NAVSURFWPNCEN, White 0Oak Laboratory's, :
Hydroballistics Tank. Crossflow conditions were exactly simulated
by launch of the model with pitch, yaw, a-d roll from a stationary
catapult-type launcher. Data from accelerometers inside the
model were recorded through an electrical cable trailing from the
model, High-speed cameras were used to confirm the model trajectory.

Simulation of Launch with a Stationary Catapult-type Launcher }

Figure 1 illustrates the method of simulating the launch of a
vehicle from the stern of a moving craft (180-deqree azimuth) by
use of a stationary catapult-type launcher. The ship, while moving
ot velocity Vg, launches a torpedo with a velccity relative to the
ship of Vt/gs. The resultant velocity vector of the torredo is Vt
with a torpedo pitch angie of 9. To simulate the launch with a_
stationary launcher, the launcher is depressed to the angle of Veo
the torpedo is mounted with the 9 pitch angle, and the launch is
made at the properly scaled V, speed.

lattri, raul S., "Plainview (AGEH-1) Torpedo Trials of 23 Feb 1972", '
NAVTORSTA Rept 1160, Jun 1972
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For the case of an amidship launch simulation, the technique
is similar to that above except that rather than being a two-
dimensional problem, it is a thrse-dimensional problem which
involves roll and yaw positioning in the stationary launcher.
Desivation of the relationships between the actual and simulated
launch conditions is etaentially one of & coordinate system
transformation. This was done making use of vector relationships
and as a check was done using matrix operations. The following
is the derivation of the relationshivs using the vector operation
0 technique. This derivation is considerably shorter than the matrix
P techriique and provides visvalication of the process. First, the

i vector equations representing the prototype torpedo launched from
;é; the ship are written. Figure 2 shows the ship coordinate system.

i
:
L
1Y
N
i

Using unit vector notation, the relationships are:

———

gz Vg m vy i ship velocity (1)
i: Vers = Ai + B} + Ck torpedo velocity relative to (2) %
g ship at the instant of launch !
Ei where

: | A = Vi g COS ¥ cOB 8 (3)

C = Vt/s sin ¥ cos 2

V, = Vg + Vg rasultant velocity (4)
or substituting (1) and (2) into (4)

8 Ve = (A +Vg) 1+ B3+ cCk (5) i
defining
A' = A+ Vg (6)
F Vo= A 1 +8) +ck (7)

: While the torpedo is in air fligqht after launch, it is
- accelerated by gravity. Defining

i . Y = height of chipboard launch tube above water i

Yy = haight of torpedo above water at time of interest.
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Then

B -J;’ + 29(y1 - y2) (8) )
Equation (7) thus becvomas

Vo' = a'l + B3 + ck (9)
The magnitude of the torpedo velocity at any time is

V' = "(A')T+ (8% + c (10)

Having the above relationships, it is now necessary to satisfy
them using a stationary launcher. Figure 3 defines the angular and
vector relationshps of the test model and stationary launcher. The
angles defined in Figure 3 were chosen because they are the easiest
to measure during the launcher setup and loading.

Velocity, Ve': The velocity magnitude is defired by equation
(10) . ole that the height of ths stationary launcher above the
water surface may be made different from that of the ship launcher
by using appropriate values of y; and Yo in the equation for B',)

Launcher Angle, 5 ": The depression angle of the stationary
launcher, 57, Is the angle between the resultant velocity vector,
V.', and the water surface, or

BO
8" = arc sin (‘-’—7) (11)
t
Model Pitch Angle, §': The pitch angle is the angle between
the model axis and the launcher axis. The model axis must be
parallel to the prototype axis which is the vector direction
given by equation (2).

Vess = Af + B + ck (2°

The launcher axis is coincident with tlhie resultant velocity
vector which is civen by equation (9)

Ve = a'l + B + ck (9)

The pitch angle, 6', between these two vectors may be
calculated using the vector dot praoduct
Vere " V' = Ivtxsllvt'lcoa 9"
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or
\_’t/l . Vt'
'vt/ll Ivt.l

9' » arc cos

Substituting from equations (2) and (9)
, Al + B + ck): (a'l + B'3 + ck
9 = arc cos Az + 82 . c2 Al + B'z + C

g AA' + BB' + c2
= arc cos (12)
"A2+32+c24v2+a'2+c2

Roll of Launcher Post, $: The angle » is measured from the
horizontal. A horizontal vector normal to the launcher axis can
be obtained by taking the vector cross product of the launch
vector, V',, and a vertical unit vector, j. Defining this
horizontal vector to be H,

S

H = Ve x 3

or

substituting V' from equation (9)

H= (A'f +B'J +ck) x3

- (13)

H=-ci+ a'k

A vector, call it ¥, perpendicular to the plane of the launcher
axis/model axis can be obtained by taking the vector cross product
parallel to those two axes, i.e., from equations (%) and (2)

T =(a'l + B'J + ck) x (Al + B} + ck)

Performing the indicated operation and simplifyi - usina
equation (6)

T = C(B-B')i + (VgO)) + (AB' ~A'B)k (14)

"

sl st il i ks
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The desired launcher post roll angle is the a..le between
the two vectors just obtained. Using the vector dot product
to obtain that angle,

H« Te|lH]|T| cos

) = arc cos i T
IR 3
or

= arc cos

Roll of Model in Launcher, 3 ': The model must be rolled
in the launcher to restore its proper orientation which was affected
by the launcher post roll angle, $. For a reference, a horizontal
vector perpendicular to the model axis is genvrated by takina the
vector cross product of the model axis direction, Vt/s and a vertical
unit vector, j. Defining this vector as J,

and substituting from equation (2)
J = (AL + B} + Ck) x 3

or

— - A

J = ~Ci + Ak

The angle between this vector and the previously obtained
vector T, which is also perpendicular to the model axis as
well as to the launcher axis, is the desired model roll anqgle ‘¢'.
This angle can be determined by aacain making use of the vector dot
product

J : T=lJ|IT| cos s

J T

1T1IT]

' c?(B'-B) + A(AB'-A'B)

t ' = arc cos '[szz "ZZ(B-B-)"‘+v52c:?+(AB’-A'B)2

%' = arc cos

(18)

|
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MODEL SCALING

The tests were done with a geometrically scaied model which
was six inches in diameter as compared to tha Mk 46 full-scale
torpedo diameter of 12.75. The scale factor was thus

\ = QE = 6 = 1
3 .95 ~ 2.125

where d is diameter and the subscripts m and p refer to the model
and prototype respectively. The model was built to have the same
center of gravity, mass, and moment of inertial characteristics as
if all the internal components were modeled exactly. Hence,

mm = \3mp

and

where m and I are the mass and moment of inertia,

In order for the trajectory of the model to be similar to that
of the prototype, all of the forces, i.e,. inertial, gravitational
and hydrodynamic, must be identically scaled and the ratio of
velocities between the ship and launcher ejection must be constant.
Froude scalina maintains the required relationshin between inertial
and gravitational forces and also with the aerodynamic and hydro-
dynamic forces if those coefficients are the same for maodel and
prototype. The Froude number, which is kept constant for model
and prototype, is defined as

2
F = VO
dg
where V, d, and g are velocity, a characteristic lengt* such as
diameter, and qravity, respectively.

Aerodynamic and hydrodynamic coefficientge Lecause of viscous
effects are a function of Reynolds number. TYTroude and Reynolds
number scaling cannot be done simultaneouciy with the same fluid,
but in this case with the model and pro*totype velocities differing
by a factor of only 1.46, it was felt that noc significant errors
would be introduced by considering the coefficients to be constant.
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Exact model scaling at water impact is complex. At the
initial instant of impact the pressures are proportional to
velocity rather than velccity squared as the hydrodynamic
coefficients and Froude scaling require. However, the area of
the body in contact with the water for this instant is so small
that the total force is not significant (Ref. (2)).

In conclusion, it is believed that Froude scaling with the
geometrically scaled model provides a valid simulation of trajectory
and acceleration for the air flight, water entry, and underwater

travel. The Froude relationships for velocity, acceleration, and
time, respectively, are

= /X
Vi Vg
a.n = ap
ty = oy ty

LABORATORY SETUP AND EXPERIMENTAL MODEL

The experimental tests were conductec in the NAVSURFWPNCEN,
White Oak Laboratory's Hydroballistics Facility which has a
water tank measvcing 35 feet by 100 feet. For these tests water
depths of 60 t< 64 feet were used. High-speed ftraming cameras,

using 16mmw and 35mm fiim, recorded the model air and underwater
trajectoiies in three planes.

The model launcher used was an air gun (see Fiqures 1 or 3)
into the barrel of which an aluminum tubular post was inserted.
The post was tied to the inside of the gun with a length of nylon
rope which allowed the post to be accelerated by the firing of the
gun, but restrained i* close tc the end of the barrel so it could
not leave the gun. Rigidly affixed to the end of the post was a
model carrying fixture capable of being adjusted to hold the model
at the desired pitch angle. The model was held in the fixture with
a fiberglass cl.thband which broke and released the model when
the nylon rope in the gun stopped the post/fixture assembly.

Figure 4 is a diagram of the Mk 46 model used. It was made
of aluminum, and designed in such a way that the weight, c.q.,
and moment of inertia characteristics were correctly scaled.

2Baldwin, J. L., and Steves, H. K., "Vertical Water Entry of Spheres"
NSWC/WOL/TR 75-49, 7 May 1975
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Six Kistler Instrument Corporation Model 303B servo-type
accelerometers were installed in the model in the loccations
indicated. The accelerometers were cornected through a cable
trailing from the model to recording instrumentation. Outputs
from all six accelerometers were recorded simultaneously on a
visicorder, analog magnetic tape, and through an analog to
digital converter onto digital magnetic tape.

TEST PLAN

A test matrix was developed for simulated tests at ship
speeds of 30 and 60 knots, launcher azimuth anqles 2f 0, 30, 90,
and 180 degrees (0 deqrees being a bow shot and 180 dearees beina
a stern shot) and launcher depression angles of 0, 15, and 30
degrees measured from the horizontal. The first three data columns
of Table 1 show this matrix. In the Laboratory test facility it
was necessary to reduce the launcher height above the water from
the shipboard scaled value of 20 feet to shorten the air-flight
distance to an acceptable value; further, for convenience it was
desired to limit the number of water level changes which would
result from launcher anagle changes. The Laboratorv test conditions
were accordingly calculated with equations (10) through (16) using
an iterative computer program with inputs being the shipboard
conditions and one of several convenient Laboratory water heights.
The Labora*~>y simulation was thus exact, but started at a point

on the torpedo trajectory some distance from the shipboard launch
point.

Because the ship speed was in all cases greater than the
launcher ejection velocity, the stern launch was made as a tail-
first launch. This is requived if the torpedo is to travel in
the direction it is pointed, rather than backward.

Test Results: Trajectory

The model was instrumented with six accelerometers - one
for each degree of freedom. Data was recorded from these digitally
on magnetic tape with the expectation that computer processing
would yield plotted trajectories as well as maximum acceleration
vectors. Unfortunately the resolution of the roll sensing accelerom-
eters was not sufficient for tracking of the roll position which made

the trajectory calculation impossible. Trajectories were accordingly
read from the high-speed camera film.

11
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Figqure 5 shows a plan view trajectory plot for the 30-deqree
azimuth 30-knot sihip speed launch. Each arrow length is scaled
to the torpedo length and the arrow positions represent sequentijial
torpedo positions relative to the ship position at launch. The
phantom line in the fiqure is the resultant direction of the shio
and torpedo launch velocities. It is seen that in this case the
torpedo aligns itself with the resultant velocity direction and
follows along that line. For the bow and stern launches the
trajectory was straight aloneg a line coincident with the ship
centerline as would be expected. Fiqure € shows a plan view of
three broadside launches. In this case it is seen that the torpedo
trajectory is not along the initial resultant velocity vector,
but rather is more in line with the initial torpedo axis at riaght
angles to the ship.

Vertical plane trajectories for all off-beam launches, i.e.,
30-and 90-degrees azimuth, were with a shallow, increasina dive
angle. Both bow and stern launches, however, gave trajectories
which curved vpward after a short distance of underwater travel -
the worst case being the 60-knot stern launch at 30-deqgrees
launcher depression angle which resulted in broaching.

Test Results: Acceleration Loads

The accelerometer outputs were recorded on a visicorder and
also diqitally on magnetic tape. Fiqure 7, from test condition six
(30 knots, 90-deqrees azimuth, l15-dearees launcher depression), is
a typical record. The magnitudes of the maximum water-entry
accelerations were obtained from the digital data directly for
the axial loads and for the transverse loads by resolvina the
pitch and yaw components at both the nose and tail accelerometer
locations. These maxima are listed in Table 1. Perhans the most
important thing to be noted from this data is that the accelerations
experienced from a "flat" entry (0-degree launch tube depression)
are considerably higher than when the torpedo enters with an angle
of inclination and also are rather erratic in magnitude. Accelerations
resulting from launches at 90-degrees azimuth are hiqlk : than those
with azimuth angles giving lower crossflow velocities, but with a
non-zero launcher depression angle these accelerations are less than
50q.

SUMMARY OF TEST RESULTS

The following observations are felt to be accurate, although
based on data from a rather limited test matrix.

12
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l. Bow and especially stern launches (0 and 180-deqrees
azimucth tube angles) have a tendency to produce broaching of
the torpedn. Amidship launches do not have this tendency.

2. At a 30-~degree off-beam launch tube azimuth and 30~knot
ship speed the torpedo aligns itself with and follows the resultant
velocity vector of the ship and launch tube vectors.

3. At a 90-degree off-beam launch tube azimuth and a 60-knot
ship speed, the torpedo follows a trajectory roughly in line with
the launcher axis, i.e., at 90 deqrees to the direction of ship
motion.

4., Launches from a horizontal launch tube produce erratic
transverse accelerations at water entry which are generally
higher than those resulting from a launch with the tube depressed.
The peak transverse deceleration observed was 100g.

5. Transverse accelerations at water entry increase as the
crossflow angle increases, i.e., as a broadside launch is approached.

6. Axial accelerations at water entry never exceeded 7qg.
CONCLUSIONS

1. The Mk 46 torpedo is structurally capable of withstanding
the water-entry loads experienced from the launch conditions tested.

2. Peak water-entry acceleraticas which might affect the
torpedo gyros may be reduced by depressing the launch tube anale
below the horizontal.

3. Bow and stern launches should be avoided to preclude
broaching problems.

[
W
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FIG.2 SHIP LAUNCH COORDINATE SYSTEM
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FIG.3 LABORATORY | AUNCH COORDINATE SYSTEM
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SHIP POSITION AT SHIP SPLED
INSTANT OF LAUNCH 30 KNOTS

-

30° LAUNCH -~ WATER IMPACTY
TUBE AZIMUTH, \ //_
40 FPS EJECT VELOCITY - \

e r——

-y,
\ ;
4
1
0 b 50
b o~ e g {
SCALE, FEET

FIG. 5 TOPPEDO LAUNCH WITH 30 TUBE AZIMUTH
TRAJLCTORY PLAN VIEW ]
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SHIP POSITION AT INSTANT SHIP SPEED
OF LAUNCH 00 XNOTS
—

WATER tMPACT

)
LAUNCH TUBE

AZIMUTH,
40 FPS EJECT VELOCITY
/ ~
/) THy
[
30 Tustk J
DEPRESSION
® TURE \
DEPRESSION \
0" TUBE
0 » 50 DEPRESSION
SCALE, FEEY

FIG.6 TORPEDO LAUNCHES WITH 90 TUBE A2IMUTH TRAJECTORY PLAN VIEW
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PROTGTYPE CONDITIONS
SHIP SPEED 30 KNOTS
EJECT VELOCITY 0 Frg
LAUNCH AZIMUTH 90 DEGREES
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